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Mohamed Henini 
i In recent years the demand for high-performance low-cost optical interconnect components has accelerated. 
An ideal solution for the transmitter has been found with the development of the vertical-cavity surface- 
emitting laser (VCSEL). VCSELs show potential for many applications principally due to the ease of producing 
two-dimensional arrays. One of the most important properties of the VCSEL is its well-defined beam proper- 
ties, such as circular geometry and its surface-normal emission. VCSELs have been the topic of intense 
research for several years now. This article will only look at some recently reported results in this field. 
c 
onventional semiconductor 
lasers are edge emitters.The 
light propagation takes 
place parallel to the plane of the 
wafer.The light emerges perpendic- 
ularly from the cleaving planes of 
the chip (Figure 1). Surface mitting 
lasers (SELs) on the other hand, radi- 
ate perpendicularly from the wafer 
surface (Figure 2).The resonator ax- 
is is now perpendicular to the plane 
of the wafer.There is a class of SELs, 
the so-called VCSELs, that have their 
optical cavity normal to the surface 
of the wafer. Of the various urface- 
emitting designs considered, 
VCSELs have the lowest threshold 
current and the highest packing 
density, which makes them ideal for 
many optoelectronic integrated cir- 
cuit applications. This simple 
change in the cavity orientation 
produces radical differences in the 
beam characteristics, scalability, op- 
toelectronic design, fabrication, and 
array configurability. VCSELs were 
pioneered by Iga et al. [1] (Tokyo 
Institute of Technology, Japan) in 
1988. 
Although lasers are mass- 
produced in very large quantities, 
especially since the advent of the 
CD player, the current fabrication 
technology is still a discrete de- 
vice technique similar to that of 
the early days of transistor fabrica- 
tion. The fabrication techniques 
for semiconductor lasers are main- 
ly based on scribing followed by 
cleaving of the substrate along the 
crystallographic planes of the 
wafer to form the laser mirrors. 
These determine the laser cavity 
and light is emitted from the edge 
of the chip.The mirror reflectivity 
is determined for each individual 
device by the quality of its 
cleaves. 
It is obvious that this type of 
structure limits integration of 
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Figure 1. Conventional semiconductor laser with edge emission. 
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Figure 2. Vertical-cavity surface-emitting 
laser (VCSEL). 
lasers onto chips because they 
must be placed at the edges, and 
therefore arrays are limited to one 
dimension. In addition mirror 
coating and testing at the chip lev- 
el are required.All these factors re- 
duce the yield and throughput, 
and hence are a key cost factor. 
VCSEL operation 
A typicalVCSEL structure is illustrat- 
ed in Figure 3. The top and bottom 
Bragg reflectors consist, each, of al- 
ternating layers of semiconductors 
with different x and y composition. 
The difference in index of refrac- 
tion between adjacent layers gives 
rise to a high reflection (>99%) at 
the vicinity of the Bragg wavelength 
from each such stack.The thickness 
of each layer in the Bragg mirrors is 
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equal to one quarter of the operat- 
ing wavelength oflight.The number 
of pairs needed to fabricate a high 
reflectivity mirror depends on the 
refractive index of layers of a pair. 
The laser biasing current flows 
through the mirrors so that they are 
highly doped to reduce the series 
resistance.The gain is provided by a 
small number, typically 1 to 4, of 
quantum wells that are placed near 
a maximum of the standing wave 
pattern to maximize the stimulated 
emission rate into the oscillation 
field. 
Recent developments 
Vertical optical cavities as used in 
VCSELs are of great importance for 
numerous applications including 
telecommunications a d optical in- 
terconnection.These multilayers are 
difficult o grow, as the thicknesses 
of the Bragg reflectors are critical 
parameters. Very small deviations 
from the expected values dramati- 
cally affect he device performance. 
Thickness in excess of 1% is need- 
ed. The performance of VCSELs, 
which use distributed Bragg reflec- 
tors (DBRs) as mirrors on either 
side of the VCSELs, depends heavily 
on the quality of the DBRs.A DBR is 
achieved by growing stacks of alter- 
nating quarter-wavelength layers of 
two materials with different indices 
of refraction. These structures then 
yield a high reflectivity in a specific 
frequency band, which is called the 
stop band. 
Continuous-wave room temper- 
ature operation has never been 
achieved in VCSELs fabricated on 
Si.This is because anAIAs/GaAs dis- 
tributed Bragg reflector (DBR) di- 
rectly grown on Si has roughness 
at hetero-interfaces. This results in 
lower reflectivity of the DBR. 
The root-mean-square value of sur- 
face roughness is known to be 
around 7.5 nm in the DBR.T.Tsuji 
et al. [2] (Toyohashi University, 
Japan) reduced the threading dislo- 
cation density in GaAs-on-Si het- 
eroepitaxy by introducing multiple 
(GaAs)m(GaP)n-Strained short-peri- 
od superlattices (SSPSs) at the 
GaAs-Si heterointerface. Figure 4 (a 
and b) shows cross-sectional TEM 
images of the DBR/GaAs/SSPSs/ 
GaP/Si and DBR/GaAs/Si, respec- 
tively. The generation of threading 
dislocations (107 cm 2) was excep- 
tionally suppressed in the DBR of 
the DBR/GaAs/SSPSs/GaP/Si struc- 
ture (Figure 4a). In contrast, a large 
number of threading dislocations 
(109 cm 2) was observed in the 
DBR of the DBR/GaAs/Si structure 
(Figure 4b). The difference in the 
density of threading dislocations 
was attributed to the difference in 
the initial growth modes. 
Due to their electronic band 
structure, lead salt (IV-VI) lasers 
have long dominated the field of 
middle and far-infrared band gap 
lasers in the 3-30 ~tm region.These 
lasers with inherent wavelength 
tunability are ideal for high- 
resolution infrared spectroscopy 
applications for trace gas analysis 
and atmospheric pollution monitor- 
ing.Although these lasers are usual- 
ly grown on lead-salt substrates, 
BaF 2 has proven to be an excellent 
alternative as a substrate material 
for lead-salt heterostructures. 
G.Springholtz et al. [3] (Linz 
University, Austria) explored the 
possibility for MBE of highly effi- 
cient lead-salt-based mid-infrared 
Bragg mirror structures required for 
realization of VCSELs in the 4-6 ~tm 
spectral region. They focused on 
Pbl.xEuxTe of different composi- 
tions to realize Bragg reflectors, 
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Figure 3. Schematic representation of a VCSEL. 
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Figure 4. Cross-sectional TEM images of (a) DBR/GaAs/SSPSs/GaP/Si structure whose 
SSPSs were grown at 500°C and (b) DBR/GaAs/Si structure. (Courtesy of T. Tsuji, Toyohashi 
University, Japan.) 
which are compatible with PbTe as 
the active material. These multilay- 
ers were deposited on cleaved BaF 2 
(111) substrates. 
Reflectors with stop bands in 
the range between 4 and 6 /am 
were obtained with reflectivities as 
high as 99% for mirrors with 32 ~,/4 
pairs. Figure 5 shows cross-section- 
al SEM images of a Bragg mirror 
and microcavity PbTe/Pbl_xEuxTe 
structures, demonstrating the high 
lateral homogeneity and smooth in- 
terfaces. Despite the large total 
thicknesses and large number of 
layers the authors were able to ob- 
tain excellent control and repro- 
ducibility of the layer thicknesses 
and composition. The results ob- 
tained in this work open promising 
perspectives for fabrication and ap- 
plications of IV-VI mid-infrared 
VCSEL devices. 
In the past few years, tremen- 
dous work has been carried out to- 
wards the achievement of a VCSEL 
at 1.55/am. Since active layers emit- 
ting at 1.55/am are lattice-matched 
to InP, the number of system mate- 
rials available for the growth of 
Bragg mirrors is limited. Materials 
used for DBR include InGaAsP-InP, 
AIGalnAs-AlInAs and AIGaAsSb- 
GaAsSb. However, the best candi- 
date is based on the GaAs-A1GaAs 
system that exhibits a -3.7% lattice 
mismatch with InE J.Boucart et al. 
[4] (OPTO, France) demonstrated 
the first CW-RT monolithic VCSEL 
operating at 1.55 /am. They ob- 
tained this result by using two orig- 
inal approaches: a metamorphic 
GaAs-AIAs mirror and a reverse bi- 
ased tunnel junction for current in- 
jection. An H ÷ implantation step 
was used to localize the current 
under the mirror and CW opera- 
tion was achieved up to 45°C with 
very few simple processing steps. 
By using this approach a record 
output power of 1 mW was ob- 
tained. The authors believe that by 
using these two approaches the 
goal for low-cost, long wavelength 
laser mass-production i  access 
and interconnections applications 
can be fulfilled. 
Recently, multi-wavelength VC- 
SEL arrays have been fabricated 
using many kinds of growth and 
post-growth adjustment tech- 
niques for the wavelength-division- 
multiplexed (WDM) applications. 
It is found that the post-growth 
wavelength adjustment techniques 
are more attractive than the 
growth techniques because of the 
complex growth schemes used. 
One of the popular post-growth 
techniques is the binary-coded 
multistep etching method, which 
uses anodic oxidation of a GaAs 
Figure 5. Cross-sectional SEM image of the cleaved edge of (left) a 20 period 
Pbo.99EUo.o1Te/Pbo.e4Euo.o6Te Bragg mirror sample, and (right) a microcavity sample. The sam- 
ple was selectively etched with a CH4/H 2 plasma. The darker layers consist of Pbo,99Euo.ol Te 
and the brighter ones of Pbo.94Euo, o6Te. (Courtesy of G.Springholtz, Linz University.) 
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layer followed by oxide removal. 
J.H.Shin and B.S.Yoo [5] fabricated 
very narrow and equally spaced 
eight-channel multiple-wavelength 
vertical-cavity emitter arrays emit- 
ting from 855 to 862 nm.The aver- 
age spacing was 0.94 nm without 
any noticeable deviation. These 
were produced by the binary-cod- 
ed multistep etching method with 
a SiN x tuning layer instead of a 
GaAs tuning layer.The refractive in- 
dex of SiN x is nearly hall that of 
GaAs, and consequently the con- 
trol thickness is nearly doubled for 
the same target wavelength spac- 
ing. In addition, the SiN x etching 
scheme could be applied to any 
wavelength system such as the 
1.55 ~tm spectral range and the vis- 
ible wavelength range. This result 
indicates the possibility of the pre- 
cisely spaced VCSEL arrays using 
this approach of post-growth 
wavelength adjustment technique 
for high capacity dense WDM 
applications. 
Polarization stability in the dy- 
namic operation of VCSELs is re- 
quired to realize low-noise, 
high-speed optical data-links and 
optical interconnects.The main ap- 
proach to achieve polarization sta- 
bility is to introduce anisotropy in 
optical gain or optical oss because 
VCSELs inherently have no polar- 
ization selectivity in their struc- 
tures. One promising approach is 
to use (n l l )  substrates because 
this creates large polarization se- 
lectivity in active regions. 
H.Uenohara et aL [6] (NTT, Japan) 
investigated the difference in the 
polarization stability in 850 nm 
GaAs-based VCSELs grown on 
(311)B and (100) substrates. They 
observed a clear difference in the 
polarization stability of the two de- 
vices. The orthogonal polarization 
suppression ratios, defined as the 
power ratios of two orthogonal po- 
larization modes, of the VCSEL 
grown on (311)B substrates was 
significantly larger than that of the 
VCSEL grown on (100) substrates. 
This difference is considered to be 
due to the polarization control 
caused by the anisotropic optical 
gain of the multi-quantum well on 
(311)B surface. Error-free transmis- 
sion of an optical signal emitted 
from the VCSEL on (311)B was also 
realized. 
Conventional optical disc read- 
out systems use an edge-emitting 
laser as the optical source and a 
separate xternal photodetector to 
monitor the light reflected from 
the optical disc.J.A.Hudgings et al. 
[7] (University of California, USA) 
demonstrated a novel integrated 
optical disc readout head using a 
VCSEL with an intra-cavity quan- 
tum well absorber.The CW optical 
beam emitted by the VCSEL was 
tightly focused onto the optical 
disc, and the reflected beam then 
propagated directly into the VCSEL 
cavity. Under reverse bias, the intra- 
cavity absorber functions as a 
photodetector. The generated pho- 
tocurrent provided an accurate 
measure of the variations in optical 
feedback due to the optical disc. 
They obtained a substantial varia- 
tion in the absorber photocurrent 
in response to optical feedback, 
even under lasing conditions. The 
design flexibility and unique de- 
vice physics of a VCSEL with an in- 
tra-cavity absorber enabled the 
authors to further magnify the 
readout signal obtained by their 
pickup head. When the device was 
biased to operate in an optically 
bistable manner, they achieved 
highly efficient detection with a 
measured peak-to-peak signal of 
0.22 V at 2.5 kHz. It was found 
that this detection technique was 
useful up to 50 kHz. This work 
showed a novel method of com- 
pact, integrated optical pickup de- 
tection. 
Monolithic arrays of VCSELs and 
resonance-enhanced photodetec- 
tors (REPDs) can be monolithically 
integrated into optoelectronic ar- 
rays. Useful functions can therefore 
be performed in optical switching 
and WDM applications. Various 
techniques have been used to fab- 
ricate multiple wavelength VCSEL 
and REPD arrays. However, a novel 
quasi-planar fabrication technique 
for integrating VCSELs and REPDs 
was introduced by A.C.Alduino et 
al. [8] (University of New Mexico, 
USA). These high-speed devices 
were fabricated using an approach 
in which current apertures with a 
range of different sizes were 
formed by linking a number of dis- 
crete crescent shaped oxidation 
fronts. Planarity was preserved 
while dimensional control for de- 
vices with very small oxide aper- 
tures (<4 ~tm) was improved. This 
approach resulted in VCSELs with 
electrical and optical characteris- 
tics that are comparable with 
those of etched-mesa devices, 
while producing high-speed 
REPDs with a rise time of about 65 
ps.This technique can also accom- 
modate a range of different oxide 
apertures with arbitrary shapes 
(circular or square). 
To my knowledge there is no 
demonstration f a practical VCSEL 
system with the power density and 
brightness required for applications 
in high-power arrays for printing, 
laser radar, optical communications, 
and pumping of solid state and fiber 
lasers. To ffflfil the fuU potential of 
VCSEL arrays one must increase 
their peak power density, increase 
brightness, cale to square centime- 
tre dimensions, and decrease fabrica- 
tion costs to below those of 
edge-emitting laser arrays. Power 
densities achieved until now are 300 
W/cm 2 from a 23-element array by 
M.Grabherr et al. [9] and 2 W CW 
and 5 W pulsed from a lO00-element 
array by D.Francis et al. [10] 
(University of California at Berkeley, 
USA). H.L.Chen et al. [11] (Lawrence 
Livermore National Laboratory, USA) 
concentrated onbrightness and scal- 
ability, and fabricated a full 1 cm x 1 
cm monolithic two-dimensional VC- 
SEL array.They were able to increase 
the array brightness by a factor of 
150 by collimating the light beams 
from the entire laser array using a 
single microlens array. Using an F2 
lens the entire beam was concentrat- 
ed to a spot of 400 p.m in diameter. 
In addition, 75% of the VCSEL beam 
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was coupled into a 1 mm diameter 
core fibre. These results show that it 
is possible to bond large area VCSEL 
arrays to heat sinks, and to run the 
entire arrays, with more than 1000 
elements, in parallel. The estimated 
power density and brightness of 
the focused beam were 10 and 
40 kW cm 2 sr 1, respectively. This 
brightness level is believed to 
be useful for many high-power 
applications. 
Conclus ion 
Due to its unique topology, the VC- 
SEL has some distinct advantages 
over the conventional edge-emit- 
ting laser. The optical beam is cir- 
cular such that high coupling 
efficiency to optical fibres is avail- 
able. The active volume of VCSELs 
can be made so small that high 
packing density, low threshold 
lasers are obtained. The design of 
the laser allows simple monolithic 
integration of 2D arrays of laser 
diodes, realizing interesting light 
sources for 2D optical data pro- 
cessing. Moreover laser testing is 
immediately possible on the wafer. 
In the 0.85-0.98 btm wavelength 
range, VCSELs have achieved very 
fast progress and are already avail- 
able on the public market at low 
cost. Due to their intrinsic proper- 
ties,VCSELs represent the new gen- 
eration of laser sources for 
telecommunication in the 1.3-1.55 
btm wavelength range. However, 
the fabrication of 1.3 or 1.55 btm 
VCSELs is more difficult than the 
0.85-0.98 btmVCSELs sources. 
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